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Effects of acoustic plasmons in photoemission from coupled layered systems

J. D. Lee and A. Fujimori
Department of Complexity Science and Engineering and Department of Physics, University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan
(Received 7 March 2001; published 19 October 2001

We have studied photoemission in a quasi-two-dimensional solid consisting of coupled layers adopting the
calculation in the limit of narrow hole band width. Unlike ordinary three-dimensional systems, gapless acoustic
plasmons can be excited in the low energy regime. Combining the dielectric response of the coupled layers and
the random phase approximation for a single layer, we can explicitly turn on or off the acoustic plasmon
excitation. Through the comparison between the on- and off-acoustic calculations, acoustic plasmons in the
photoemission spectra are found to suppress the quasiparticle weight and lead to an asymmetric broadening of
the quasiparticle peak. Such tendencies are strengthened as the interlayer dielectric coupling increases. Further,
the model is applied to the high-temperature superconductors and found to give additional asymmetric broad-
ening to the pure two-dimensional spectra, which means that a significant part of the anomalously large
inelastic background may be attributed to multiple intrinsic losses by acoustic plasmons.
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[. INTRODUCTION dimensionality of the system, may be potentially important
in another layered compounds, for instance, transition-metal
Angle-resolved photoemission spectroscOpRPES has  dichalcogenides TiSe TiS,, or TiTe,.’
contributed significantly to the understanding of correlated Recently, Hedin and Lee suggested the model of the stack
systems by delivering valuable informations about their elecof two-dimensional layers and studied the photoemission in
tronic structures. Particularly, due to the inherent momentunthe modef They have used the experimental energy loss
conservation in a crystal, ARPES has been a more powerfidpectra for BiSr,CaCyOg (Bi2212) (Ref. 9 as the many-
tool to study correlated two-dimensional systems like high-body input. In their approach, however, the relevant excita-
temperaturghigh-T¢) superconductors.For such systems, tions are so completely melted into the experimental data
theoretical studies have been concentrated on the purely twthat the role of acoustic plasmons or their dispersing proper-
dimensional correlated model and proposed Fermi-liquidies cannot be explicitly specified or scrutinized even if one
(FL), marginal Fermi-liquidMFL),? or Luttinger liquid be-  can expecsomeeffects from acoustic plasmons.
haviors in interpreting the experimental data. However, it In this paper, we combine the dielectric response of
should be noted that the studies haveriori neglected the coupled layers and the RPA expression for a layer. Then one
three dimensionality of the actual system due to dielectrican explicitly turn on or off the acoustic plasmon excitation,
coupling between the layers, even if electron transfer is negwhich is very useful in exploring the effects of acoustic plas-
ligible between the layers and many physical properties camons because one can directly compare the on- and off-
be explained by considering the two-dimensional GuO acoustic cases. Further, to simulate the realistic situation, we
layer. introduce two dielectric constantg ande, for the screened
One of the most distinct features in the strongly correlatedCoulomb potentiat® It has then been found that acoustic
system that cannot be understood within the weak correlatioplasmons suppress the quasiparticle peak weight and in-
picture is the absence or suppression of the quasiparticlerease broadening more asymmetrically similar to the case of
component in ARPE$ Going to the stack of interacting lay- gapless magnorisit is better understood by fitting the quasi-
ers beyond the purely two-dimensional model, we meet unparticle components with the Doniach-Sunjic line sHape
usual gapless acoustic plasmons not shown in ordinary threeharacterized by the singularity index. As the interlayer cou-
dimensional systenfs. The gapless property is very pling increases, acoustic plasmons are more strongly acti-
interesting in photoemission because it can produce multipleated in the photoemission. There have been various theoret-
low energy losses. Along this line, the gapless magnons havieal studies about the estimation of the quasiparticle
been studied for one- or two-dimensional undoped Mott-component in the systefi,however, the controversies as to
Hubbard insulators and found to highly suppress the cohemwhether such theories can explain the experimentally ob-
ent componentcorresponding to the quasiparticle compo- served dramatic reduction of the quasiparticle weight are still
nend of the single-particle spectral functidrin many cases, going on. It should be pointed out that acoustic plasmons
however, the doped cuprates exhibit the opening of spin gaplecrease the quasiparticle weight beyond the two-
which means magnons may be no longer gapless in the irdimensional model. Further, the present model can be natu-
teresting doped casé4n such a sense, the acoustic plasmonrally applied to the highFc superconductors and is found to
is more interesting because the gaplessness of acoustic plagve additional significant asymmetric broadening to the pure
mons comes from the dielectric coupling among the layerswo-dimensional spectra described by the MFkar FL)
and should be robust with respect to the doping as long atheory. This may explain the anomalously large inelastic
each layer has mobile electrons. In addition to the High- background needed to fit the experimental data with the MFL
cuprates, excitations due to coupling among layers, i.e., threer FL theory*?
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The paper is organized as follows. In Sec. Il, the basidhe lattice constantor the interlayer distangealong thec
formalism is briefly described. In Sec. I, the discussion onaxis, the inverse dielectric function of the system is
the role of acoustic plasmons comes through comparison be-
tween the on- and off-acoustic calculations. In Sec. IV, we e 0,9',Q;0)
discuss an application of the present model to the High-
superconductors and its significance. Concluding remarks are x°(Q;w)ic D

q+G.q’

given in Sec. V. —lovl@ 1-V(9,Q)x%(Q;w)/c G

Il. BASIC FORMALISM (5

In the strongly correlated system consisting of coupledvhereG=2n/c is the reciprocal lattice vector along tee
Iagsers, the final photoemission spectri{w) is found to  @xis,v(q) is the screened Coulomb potential given by
b

Jk(w)ZJ da)'JED(w’)P(w—w’), 1) v(@ 47Tq26l+Q26H, ©
where J2°(w') is the spectral function of the pure two- @ndV(q,Q) is

dimensional layer andP(w) is the effect of the coupling )

among layers, that is?(w) is regarded as being from the V(@.9) =3 v(q+G.0)= 2mc sinhéQc

three dimensionality of the systelh.If one puts J2°(w) ’ S ’ {Q coshéQc—cosqc’
=8(w—¢g,), P(w) is just the final photoemisson spectrum (7)
and otherwise?(w) may play a role of the loss function. In
this study, we are mainly interested R(w) where the
acoustic plasmon enters. Under the quasiboson nfodet!

In Egs. (6) and (7), we define é&=(ej/e,)¥? and ¢
=(ee, )2 We remark thaty(Q;w) is the polarization
the narrow hole band width limi®(w) is determined from function for a ngninterapting layer. The RPA expression will
the dielectric response of the system. The narrow hole banE:]e adopted fox"(Q; w) in the approach. Using Egéﬁ) and
width means that the calculation would follow the core hole(®) and taking the Fourier transformation 8#(q,q",Q; ),
case even if we have in our mind the valence band photo!MW(z,2",Q;w) is given by
emission, that is, recoil effects of the valence hole would be 1 (e
neglected. Its practical justifications are found in Refs. 16,17, IMW(z,2',Q;w)= _J dqVi(a,Q,2)Vi(q,Q,2')
and 18. 2w Jo

In the quasiboson modeR(w) is given by

XM xsed 9, Q; w), 8
P —1fdei“" fd' S|
(w)—ﬁ t ex o' a(w) " (2 O(Q:w)/c
Xscl 4, Qs 0) = 0, ~. . 9
and a(o) is 1-V(q,Q)x (Q;w)/c
—w The fluctuation potentiaV{(q,Q,z) is defined by adding the
a(w)= — }Q: J dzdZf(z)f(z')*ImW(z,z',Q;w), phase factoe'? to V;(q,Q,2),
3 .
L. e ( ) ;(q,Q,Z):Z RE{Vf(q,Q,Z)el¢],
where f(z)=— §(z—zg)/w (z5: hole position within the
sudden approximation an@ is the two-dimensional vector 27¢ sinh£Qc(1— 8)+ e~ 9°sinh£Qcs
parallel to the layer andor z’ is the coordinate perpendicu- Vi(0,Q,2)=
lar to the layer £>0 is occupied by the soljd P(w) is Q coshgQc—cosqc
obtained by a summation of the limited diagram set up to the X g~ id(z—cl2=co) (10)

infinite order and exact up to the second order of the fluc-

tuation potential. In additionP(w) is known to properly where§ is defined as reg(-c/2,c)/c and the charged layer
describe the quasiparticle parte+£0)."°> W(z,z',Q;w) i is assumed to be at=(n+1/2)c (n is a integer=0), con-

Eq. (3) is the dynamically screened potential and its Fouriersistent with the structure of Bi2201. The phase faaist
transform forq=(q,Q) satisfies should be determined to satisfy the surface boundary condi-
tion, V§(q,Q,0)=0 (whenz=0 is put the surfage

W(g,0",Q;@)=v(q,Q)e *(a,q",Q;®). )
It is then clear that the dielectric response of the system _ . _m™ q¢
would determine the photoemission spectra of the localized cogqct$)+cosg=0, ie p=5--, (1D

hole.
For simplicity, we think of B}SrL,CuQ; (Bi2201) having  where we used=1/2 atz=0. More details on the fluctua-
one CuQ layer per unit cell as a reference materialclis  tion potential are found in Ref. 8 for the similar system.
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IIl. ACOUSTIC PLASMONS IN PHOTOEMISSION

In this section we concentrate on the studyRgiw). As
mentioned in the last sectioR(w) may be considered as the
true photoemission spectra WhéﬁD(w) is assumed as a
sum of pure delta functions.

We note that, putting= Q/2kr andu= w/Qkg, x°(Q,®)
within RPA is given by®

Energy (eV)

ReXO(Qaw):G{ZZ— C_[(z— U)Z— 1]1/2
—C.[(z+u?-1]"3,

|m)(0(Q,w)=G{D_[l—(Z—U)Z]llz—D+[1—(Z+ u)2]1/2}, 0 01 02 03 04 05 06 07 08 09 1
(12) Q
where G=—ke/Qm, C.=(z*+u)/|z=u| andD.=0 for FIG. 1. Depending org, plasmon dispersions are given with
|z+u|>1, andC.=0 andD.=1 for |z+u|<1. respect tdQ|. The unit of|Q| or q is =/c.
From Eq. (12, when w>|Qlks (s?=k2/2), x°(Q,w)

becomes (acoustic plasmonIn Fig. 1, plasmon energy dispersions are

5 given for a few values ofj’s. For the evaluation, the optical
Q)= n Q plasmon frequency #n/ec=0.6 eV, ¢ =€, =4, andc

—2Q?’ =12.18 A (Ref. 2] for Bi2201 are used.

Substituting Eqs(8) and (9) for Eq. (3), a(w) is recast
wheren is the electron density of a layer. Collective exci- jhtq

taions of the system are found from the pole structure of
Im e 1(q,Q; w).?° As the pole is determined by the zero of

1-V(a,Q)x(Q; 0)/c, we get a(=-—— [ "da[ davi(@ @iz
o 2nar sinhéQc m(2m) o
w?=52Q%+ 7 QcoshéQe—cosqc’ (13 XAIM[ xsel 0, Q; @)1, (14

where we find, wherQ is small, (i) =0, »?*(Q) “fZQZ and Imy<.(q,Q; ) governs the energy loss by making ex-
+4mn/ec (optical plasmohand (i) q#0, »*(Q)~s*Q*  citations in the stack of layers

Im x°(Q,w)/c
T [1-V(0.Q)Rex%(Q.)/c]2+[ V(4. Q)Im x%(Q,w)/c]?’

IM xsc(9,Q; @

It is interesting and important to note that, by puttirg O in

Im x<.(0,Q; w), one can turn off the excitation of acoustic 0.8 ' i ' '
plasmons. Here we define the off-acoustic plasmon calcula- 07 [ .
tion for a(w) as 06l A i

@ 05 acoustic on — 1
~ 1 . i
a(=-—— [ "aq [ sQ1Via.0z)" = acoustic off -
m(21) o 0.3 ]
XIM[ xsc(9=0,Q; w)]. (15 0.2 | .
0.1 i
In Fig. 2, typical behaviors ofv(w) and a(w) are given. 0
Qualitatively, a(w) is similar to that of the ordinary three- 0 2 4 V6 8 10
dimensional electron gas without acoustic plasmSnehich w(ev)
signifies that ina(w)~acoustic plasmons are pertinently de- £ 2. Typical behaviors ofr(w) (acoustic o and a(w)
leted. Froma(w) [or a(w)] we can readily evalulat®(w),  (acoustic off are given fore;=e, =4. The arrow indicates the

for which we always consider only the case leaving a hole irenergy of 4rn/¢c.
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the first charged (Cug) layer, i.e.,zo=c/2 [ry=(2y,0)]. 4 T T T T T T T
r . H
Then we note tha¥';(q,Q;zp) is 35} acoustic on ]
3 i
4mwc  sinhéQc >
Vi(9,Q;20) = : = 25} i
{Q coshéQc—cosqc %)
zZ -
V§(q,Q;2p) corresponds to the core-hole potential in the l'-'_-' i
core-level photoemission problem and plays a role of the Z
driving force for the nontrivial losses in the photoemission. It 1
is easily seen that, whevf(q,Q;z,) vanishesP(w) reduces 4
to the trivial 6(w). It is also worth noting thaP(w) is de-

termined solely by values af(w') or a(w') atw’'<w and
then the quasiparticle line shape for the off-acoustic case is
determined only by the particle-hole contribution.

The present study is based on the nonrecoiling valence 4 T T y y T T T
hole by assuming the small hole band width, similar to the 35} : i
core-level case. It is well known that the core-level PES from acoustic off

metals should have an asymmetric skew line shape due to >- 8r ]
low energy excitations, that is, the Doniach-Sunjic line shape Eoost 1
Aps(w).* Through detailed studies allowing the recoiling of % o | i
the valence hole in metals, valence hole spectra are found so LU

asymmetric as to be comparable to core hole spétfrar- E S r ]

ther, this analysis has been successfully applied to the va- - 1}
lence band spectra of Ti, Zr, Nb, Mo, and Hf by fdar and

his co-workers® Therefore, it is expected that the quasipar-

ticle part of P(w) would be reasonably fitted with Doniach- 0

o . .. 3 25 2 15 - -0.5 0 . 1
Sunjic line shape. Th&'-broadened Doniach-Sunjic spectra w(eV) 05
Aps(w) is
, FIG. 3. P(w) calculated with acoustic plasmons on and off. The
co§ map/2+(1—ap)tan (w/I")] on-acoustic calculatiotupper panelis P(w) from the full expres-
Aps(w)* , (16)

sion of Eq.(14), while the off-acoustic calculatioflower panel
from a(w) of Eq. (15) for the typicalej=e€, =4.0. The dashed lines
where « is the singularity index. In Fig. 3, the spectral are fit by the Doniach-SunjicAps(w). The broadening ofl’
functions of P(w) and their corresponding fitted Doniach- =50 meV is applied.

Sunjic spectra are given for on- and off-acoustic cases, re-

spectively. The on-acoustic case is just a full calculation. We It is interesting to investigate the behaviorsRffw) with

find that the fitting is very nice especially for the quasiparti-respect to the interlayer coupling strength, iee. for a fixed

cle parts. The necessamy’s are found to be 0.202 and 0.119 €| - In Fig. 4, we provide the behaviors B ») ase, varies

for on- and off-acoustic calculations. The latter 0.119 is at_from 1.0 to 5.0. It is noted that there are drastic behaviors for
tributed to the electron-hole excitation. The interlayer cou-both on- and off-acoustic cases for a given rangee of
pling strength is controlled by, . As e, decreases, the in- Particularly, for the on-acoustic case with a small, say
terlayer coupling increases, and vice versa, which can bé. =1, the quasiparticle part is highly suppressed. It is very

easily understood by expressing E®) in the real-space Useful to estimate the quasiparticle peak weight from the
coordinates as fitting through the Doniach-Sunjic spectral line shape even if

the estimation may be less accurateeas(or «y) becomes
1 smaller. For such estimations, we need to set the cutoff en-
V(z,R)=— 5 T ergy for Apg(w) because its integration is not well defined
(€jz°+ €€, R) when w— —. Here we take the cutoff energy as—0.6
eV, the characteristic energy where the optical plasmon be-
where one sees that, as—0, V(z,R)—1/jz, on the other  gins to excite.
hand, ase, —%, V(z,R)—1/{|R|. This is also reflected in Figure 5 gives the systematic profile of the quasiparticle
the fluctuation potentiaV/;(q,Q;Zzo). In the limit of e, =% peak weight and singularity index with varied from 1.0 to
(extinguishing the interlayer couplingvi(q,Q;z) survives  5.0. The larger singularity index means the more asymmetric
for only g=0 mode that is for the optical plasmon. This is broadening. Taking the ratio of quasiparticle weight of on-
consistent since one can expect only the optical plasmoacoustic calculations to off-acoustic ones, we find the ratio
mode in the case. We always fig through 4mn/e|c decreases from-0.836 to~0.727 as the interlayer coupling
=0.6 eV in the following discussion becaused ¢c is a increasegfrom ¢, =5.0 to 1.0. This directly shows that as
meaningful energy scale of the system. the interlayer coupling strengthens, the acoustic plasmons

[1+(w/T)? 70"
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4 T T ; T T T T ors has been reported so far. Optical measurerffeamsl the
as | . 4 transmission electron energy loss spectroscqfELS)
sl acoustic on i experiments fail in directly observing them. The reason
> seems to be in that those experiments are dong#ad or
E st . g~0, where the energies of acoustic plasmons are very
%) 21 ] small. However, recent reflection EELS experiments deliver
E a5k i the strong possibility to establish their existence since it al-
= lows a measurement as a function@f while summing all
= f T perpendicular momentg?
05k ] In high-T¢ superconductors]Z®(w) is not a simples(w
o —€) any longer, but is a spectral function with the charac-
3 1 teristic self-energy. This is a difference from the discussion

in the last section. In many cases, the ARPES data of high-
Tc compounds are fitted using the marginal Fermi liquid
4 T T T T T T T (MFL) theory? In the theory, the spectral function fs=

. —(U/m)ImG(k,w)]

i —Im3(k,w)
T [w—ex— ReX (K, 0) ]2 +[Im 3 (k,w)]?’
17

where the self-energ (k,w) is, when neglecting thk de-
pendency,

1 I (w)=

INTENSITY

w

Y rE E(k,w)~g’2(wlnwi—i 5%, x=max|w|,T).
w(eV) ¢ (18)

FIG. 4. Behaviors ofP(w) with respect toe, =1.0-5.0 for a  On the other hand, the self-energy of the Fermi-lig(Fdl)
fixed €)= 4.0 (also fixing 47n/€;c=0.6 eV). The 50 meV broaden- theory has the form of (k,w)~ — aw—iBw? nearw~0.
ing is applied. Liu, Anderson, and Allel¥ have tried to fit the ARPES
data of highT compounds using both MFL and FL theories
are more vigorously activated in the photoemission procesand concluded that neither MFL nor FL theories can fit the
On the other hand, in the opposite limit, ieg.—, only the  slow fall-off (broadnessof the spectra unless the anoma-
optical plasmon activates and then the ratio goes to 1.0. lously large inelastic backgrounds are assumed.
It is very interesting to note th&(w) in the last section
can give another effects ag(w) from Eq.(1). Although Liu
et al. tried to fit the MFL or FL to Bi2212 having two CuO
Although the RPA approach for the layered conductinglayers per unit cell and our calculation Bf ) is basically
system immediately gives the acoustic plasmons as describédr Bi2201 having a single layer, the applicationPfw) is
in the last section, it is true that no direct experimental obthought still meaningful at least from a qualitative point of
servation of acoustic plasmons in the high-superconduct- view. The necessary on-acousiiull) P(w) is evaluated
from ¢j=¢€, =5.0, which are actually reasonable values for
1 : : : : : 05 transition-metal oxides including highc materials?*

-1.5

IV. HIGH- T SUPERCONDUCTORS

= . In Fig. 6, we give a few curves fog,=—0.1, —0.3,
= acoustic on —— 104 3% —0.5, and—0.7 eV, where the actual quasi-particle energies
2 acoustic off —— o are determined bw— ¢,—Re2 (k,0)=0 as -0.020, -0.087,
@ 06} q03 2 -0.187, and -0.334 eV. Because we neglecttliependency,
%’ £ the only relevant parameter is the bare eneegy In the
S 04f _, 02 ‘—g figure, it is realized thalP(w) gives the additional asymmet-
‘& 2 ric broadening. As shown in the last section, the broadening
S o2f — 401 '® should depend on the dielectric constants suck asde, .
o The resulting curves with the broadening added look compa-

ol L L L L . 0 rable to the experimental curves in Lat al'* We impor-

0 1 2 3 4 5 6 .
€1 tantly note that, for experimentally acceptable valuesof

and ¢, , the suitable asymmetric broadening to explain Liu

FIG. 5. Quasiparticle weight and singularity indexes with re- €t al’s puzzle is obtained even if the theory is in principle
spect toe, for both on- and off-acoustic calculationsy=4 is  qualitative. Finally, we remark thak(w) (not shown here
fixed. from off-acoustic P(w) show less broadening up te
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' ' ' L ' layer, we could artificially turn on or off acoustic plasmons
and then examine their roles and effects by comparing the
on- and off-acoustic calculations. Acoustic plasmons are
found to weaken the quasiparticle peak weights and to give
asymmetric skew broadening. It is also found that as the
interlayer coupling increasese( decreasesthe acoustic
plasmons are more strongly activated in the photoemission
process.

The present layered system is thought to be a prototype of
the highd superconducting materials. Using the MFL
theory for the spectra from the pure two-dimensional layer,
we can get the photoemission spectra by convoluting with
P(w). The resulting spectra is more asymmetrically broad-
ened such that it gets comparable to the experimental obser-
vation. It is quite fascinating to obtain the suitable asymmet-
ric broadening using typically acceptable valuesepfand
€, . The degree of broadening is determineddpyande, .
These additionally broadened spectra throlRfw) mean
that the anomalously large inelastic backgrounds needed to

fit the two-dimensional self-energy theory with the experi-
! . ' ' L mental data may be ascribed to real intrinsic spectral weights
06 05 04 03 02 01 0 01 by acoustic plasmon losses to a large extent.

E (eV) Finally, it would be worthwhile to make a comment on
the scope and the outlook of the present model, especially its
application to highf: cuprates. The RPA-type loss function
(corresponding to the modehas never been directly mea-
sured yet in the high-: cuprates, which means that, as men-
tioned before, no direct evidence of acoustic plasmons has
‘been available up to now. This may make the validity of the
RPA or effects of acoustic plasmons in the system more or

S . _less shaky. However, we think that this does not imply nec-
huOrﬁGpse\r:eg;m—ng cgi?i'g;rsglri dpteoalih2ngn?£gui?fz?)/5'caLssariIy the irrelevance of acoustic pIastmsthe RPA in
calculation ' the cuprates. One may argue that acoustic plasmo_ns should

' be expected from quite general arguments, irrespective of the
nature of charge carriers, as long as the material can be

V. CONCLUDING REMARKS viewed as a layered conductor and a long range potential is

We have investigated photoemission in the system Opvai_lable, i_.e., collective charge excitations Wi'thfo can be .
stacked interacting layers. In the strongly correlated quasir-_eal'zed without energy cost due to a cancellanon_ of elec_trlc
two-dimensional systems, most of the studies have been coﬂglds. from layers. F.u.rt.her, the model would t?e still promis-
centrated on the physics occurring in the purely two-ng since r31ew possibilities to observe acoustic plasmons are
dimensional layer. Accounting for the three—dimensionalityd'scussea'
of an actugl layered material, we can have a new clgss. of ACKNOWLEDGMENTS
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